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INTRODUCTION 

I n  a r e c e n t  s tudy,  t h e  vacuum p y r o l y s i s  behavior  of a l i g n i t e  and twelve bitumi- 
nous coa ls  was measured over  t h e  range  300 t o  1000°C ( 1 , 2 , 3 ) .  The r e s u l t s  w e r e  
s u c c e s s f u l l y  s imula ted  us ing  a model which p r e d i c t s  t h e  t i m e  and temperature  depen- 
dent  product e v o l u t i o n  from a knowledge of t h e  func t ion  group composition of t h e  c o a l  
and a genera l  s e t  o f  k i n e t i c  rates which vary  wi th  evolved product  bu t  no t  wi th  coa l  
type - 

T h i s  paper r e p o r t s  t h e  ex tens ion  of t h i s  i n v e s t i g a t i o n  t o  temperatures  up to 
1450°C and t o  a wider  number of measured and modeled pyro lys i s  products .  Experiments 
have been performed i n  an appara tus  which employs a Fourier  Transform I n f r a r e d  Spec- 
trometer (FTIR) f o r  on- l ine  a n a l y s i s  of gas  s p e c i e s .  The FTIR a l lows  t h e  d i r e c t  
accumulation of r e l e a s e  rate d a t a  f o r  major s p e c i e s  by monitor ing t h e  gas  concentra- 
t i o n  during a p y r o l y s i s  run.  R e s u l t s  have been obta ined  wi th  a P i t t s b u r g h  seam 
bituminous and a Montana l i g n i t e .  The temperature  dependent e v o l u t i o n  of correspond- 
ing products  a r e  s i m i l a r  f o r  t h e  two c o a l s  i n d i c a t i n g  t h a t  t h e  use  of  c o a l  indepen- 
d e n t  k i n e t i c  rates i s  a p p l i c a b l e  f o r  t h e  a d d i t i o n a l  products  and h igher  temperatures .  
The dominant e f f e c t  observed a t  h igher  temperatures  i s  t h e  t rend  toward increased 
y i e l d s  of hydrogen g a s  and unsa tura ted  compounds ( o l e f i n s ,  a c e t y l e n e  and probably 
soot )  a t  t h e  expense of p a r a f f i n s .  These e f f e c t s  a r e  being modeled by inc luding  
a d d i t i o n a l  p a r a l l e l  r e a c t i o n  p a t h s  f o r  t h e  decomposition of t h e  a l i p h a t i c  content  of 
t h e  coal .  

EXPERIMENTAL 

The  appara tus  i s  i l l u s t r a t e d  i n  Fig.  1. It  c o n s i s t s  of a s m a l l  chamber i n  which 
t h e  coal  i s  p y r o l i z e d  connected through a g l a s s  wool f i l t e r  t o  a l a r g e  gas  c e l l  f o r  
i n f r a r e d  a n a l y s i s .  The c o a l  i s  evenly d i s t r i b u t e d  between t h e  f o l d s  of a s t a i n l e s s  
s t e e l ,  molybdenum o r  tungsten screen  and a c u r r e n t  i s  passed through t h e  s c r e e n  t o  
h e a t  t h e  coa l .  Coal temperatures  of 1450°C and hea t ing  r a t e s  of 2000"C/sec were 
achieved us ing  t h e  tungs ten  screen .  Gas a n a l y s i s  i s  performed wi th  a Nicole t  (FTIR) 
which permits  low r e s o l u t i o n  a n a l y s i s  a t  0 .5  second i n t e r v a l s .  The low r e s o l u t i o n  
a n a l y s i s  can de termine  CO, CO2, H20, CH4,  COS, SO2, CS2, HCN, C2H2, C2H4, C3H6, 
benzene and heavy p a r a f f i n s  and o l e f i n s .  
completion of a run  can determine a l l  of t h e  above p lus  C2H6, C3H8, C4H8, NH3 and 
p o t e n t i a l l y  many o t h e r  s p e c i e s  which have n o t  y e t  been observed.  
by d i f fe rence .  Other  f e a t u r e s  of t h e  appara tus  are s i m i l a r  t o  those  descr ibed pre- 
v ious ly  ( 1 , 2 , 3 ) .  

A h igh  r e s o l u t i o n  a n a l y s i s  made a t  t h e  

H2 i s  determined 

C a l i b r a t i o n  of t h e  FTIR has  been made us ing  pure  gases  o r  prepared gas mixtures .  
Unfortunately,  most of t h e  gases  of i n t e r e s t  show a marked i n c r e a s e  i n  absorbance 
wi th  d i l u t i o n .  The explana t ion  f o r  t h i s  e f f e c t  i s  t h a t  the  absorp t ion  l i n e s  f o r  t h e s e  
g a s e s  a r e  extremely sharp and f o r  moderate concent ra t ions  a l l  t h e  i n f r a r e d  energy i s  
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absorbed a t  t h e  l i n e  c e n t e r  i n  a pa th  s h o r t e r  than  t h e  absorp t ion  ce l l .  
r e s o l u t i o n  is s u b s t a n t i a l l y  broader  than t h e  l i n e  width s o  t h e  l i n e s  do not  appear  
t o  be t runca ted .  Di lu t ion  of t h e  gas  broadens t h e  l i n e ,  reducing t h e  absorbance a t  
l i n e  c e n t e r  so t h a t  a longer  pa th  c o n t r i b u t e s  t o  t h e  a b s o r p t i v i t y ,  thus  i n c r e a s i n g  t h e  
average absorbance. This  e f f e c t  makes c a l i b r a t i o n  of t h e s e  gases  i n  t h e  p y r o l y s i s  gas  
mixture  d i f f i c u l t .  The s o l u t i o n  has  been t o  d i l u t e  t h e  mixture  wi th  n i t r o g e n  t o  a 
f i x e d  pressure  a t  which c a l i b r a t i o n s  have been made. 

The instrument  

F igure  2 shows t h e  s p e c t r a  obtained a t  s e v e r a l  time i n t e r v a l s  dur ing  an 80 second 
d e v o l a t i l i z a t i o n  run  a t  about 50OOC. 
mined from such scans  as ind ica ted  i n  Fig.  3 which shows t h e  methane y i e l d  and t h e  
p r e s s u r e  rise i n  t h e  system a s  a func t ion  of t i m e .  

Kine t ic  r a t e  d a t a  f o r  major s p e c i e s  can be d e t e r -  

P y r o l y s i s  d a t a  were obta ined  up t o  temperatures  of 1 4 5 0 ° C  f o r  a P i t t s b u r g h  seam 
c o a l  (PSOC 1 7 0 )  and a Montana l i g n i t e .  For  t h e  P i t t s b u r g h  seam c o a l  80 second pyroly-  
sis runs  were made with 2 0 0  mg samples a t  temperatures  from 400 t o  1 0 0 0 ° C .  For these  
condi t ions ,  t h e  temperature  r i s e  takes  on t h e  o r d e r  of two seconds. More r a p i d  hea t -  
ing ( l e s s  than one second) w a s  achieved using smal le r  (50 mg) samples. Ten second 
p y r o l y s i s  runs  were made wi th  50 mg samples f o r  bo th  c o a l s .  

RESULTS 

Using t h e  procedure shown i n  Fig.  3 t h e  methane k i n e t i c  c o n s t a n t s  were determined 
f o r  t h e  10 and 80 runs. These d a t a  a r e  p l o t t e d  i n  Fig.  4 a long  w i t h  a l i n e  f o r  t h e  
temperature  dependent k i n e t i c  r a t e  f o r  methane previous ly  determined ( 2 ) .  A s  can 
be seen t h e  l i g n i t e  and bituminous d a t a  are q u i t e  c l o s e  and a l l  d a t a  are i n  reasonable  
agreement with t h e  prev ious ly  determined l i n e .  The high temperature  p o i n t s  f o r  t h e  
80 second runs  are low because of t h e  slow hea t ing  descr ibed  above and presumably t h e  
s a m e  s o r t  of l i m i t a t i o n s  are a f f e c t i n g  t h e  10 second runs a t  t h e  very  high temperatures .  

P y r o l y s i s  d a t a  f o r  t h e  10 second runs  a r e  p l o t t e d  i n  F ig .  5. Figs  5a and b show 
t h e  product d i s t r i b u t i o n .  Included i n  t h e  l i g h t  gases  a r e  a l l  t h e  s p e c i e s  l i s t e d  
except  f o r  those  heavier  than  C3, which are included wi th  t h e  heavier  hydrocarbons 
(HC) .  An i n t e r e s t i n g  f e a t u r e  of these  d a t a  a r e  t h e  h igh  v o l a t i l e  y i e l d s  obta ined  a t  
h igh  temperatures .  V o l a t i l e  y i e l d s  of up t o  702 were observed as compared wi th  ASTM 
v o l a t i l e  y i e l d s  of 46% and 59% f o r  t h e  bituminous c o a l  and l i g n i t e  r e s p e c t i v e l y .  

Severa l  of t h e  gaseous s p e c i e s  a r e  shown i n  F igs .  5c-E. The s i m i l a r i t y  between 
l i g n i t e  and bituminous c o a l  is apparent  i n  the  temperature  dependence of t h e  e v o l u t i o n  
of each spec ies .  Figs .  c t o  f show r e s u l t s  f o r  H2,  CH4 and C2H2 and heavy o l e f i n s  and 
p a r a f f i n s .  These f i g u r e s  i l l u s t r a t e  t h e  tendency f o r  h igh  temperature  p y r o l y s i s  t o  
favor  molecular hydrogen and unsa tura ted  compounds. F i g u r e s  g and h show t h e  d i s t r i b u -  
t i o n  of oxygen conta in ing  s p e c i e s .  

PYROLYSIS MODEL 

A s u c c e s s f u l  model w a s  developed t o  s imula te  t h e  p y r o l y s i s  behavior  of t h e  t h i r -  
t een  c o a l s  prev ious ly  s t u d i e d  at low temperature  ( 1 , 2 , 3 ) .  The model assumes t h a t  
l a r g e  molecular  fragments ("monomers") a r e  re leased  from t h e  c o a l  "polymer" wi th  only  
minor a l t e r a t i o n  t o  form tar whi le  s imultaneous cracking of t h e  chemical  s t r u c t u r e  
forms t h e  l i g h t  molecules of t h e  gas .  Any chemical component of t h e  c o a l  can, 
t h e r e f o r e ,  evolve as p a r t  of t h e  tar o r  as a s p e c i e s  i n  t h e  gas .  The mathematical  
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d e s c r i p t i o n  presented  i n  d e t a i l  i n  Refs .  2 and 3 r e p r e s e n t s  t h e  c o a l  a s  a rec tangular  
area with x and Y dimensions. The Y dimension is div ided  i n t o  f r a c t i o n s  according 
t o  t h e  chemical  composi t ion of t h e  c o a l .  
p a r t i c u l a r  component (carboxyl ,  aromatic  hyirogen,  e t c )  and 1 Y:=l. The evolu t ion  
of each component i n t o  t h e  gas  (carboxyl  i n t o  C 0 2 ,  a romat ic  hydrogen i n t o  H2,  e t c )  i s  
represented  by t h e  f i r s t  o rder  diminishing of t h e  Yi dimension, Yi=Yy exp(-k i t ) .  The 
X dimension i s  d i v i d e d  i n t o  a p o t e n t i a l  tar forming f r a c t i o n  XO and a non-tar forming 
f r a c t i o n  1-XO w i t h  t h e  e v o l u t i o n  of t h e  tar being represented  by t h e  f i r s t  order  
d iminish ing  o f  t h e  X dimension X=Xo exp(-ktart). 
i n  t h e  c h a r  i s  (l-Xo+X)Yi and t h e  amounts i n  t h e  gas  and tar may be obtained by i n t e -  
g r a t i o n .  
be used f o r  a l l  t h e  c o a l s .  
f e r e n t  mix of chemical  groups ( t h e  Yo's). 
be determined from ult imate and i n f r a r e d  a n a l y s i s .  

Yo r e p r e s e n t s  t h e  i n i t i a l  f r a c t i o n  of a 

The amount of a p a r t i c u l a r  component 

It was found t h a t  a genera l  set of k i n e t i c  c o n s t a n t s  (ki ' s  and ktar)  could 
The d i f f e r e n c e s  among c o a l  r e s u l t s  s o l e l y  from t h e  d i f -  

As  descr ibed  i n  Ref. 3 many of t h e  Y D ' s  may 
i 1 

Modif ica t ions  of t h e  model were made t o  i n c l u d e  t h e  high temperature  product ion 
of unsa tura ted  compounds. An a n  example, t h e  product ion  of ace ty lene  and H2 i s  
assumed t o  be a t h i r d  independent pa th  f o r  the  e v o l u t i o n  of an a l i p h a t i c  component. 
The component is r e p r e s e n t e d  as a volume and t h e  evolu t ion  of a c e t y l e n e  and H2 i s  
represented  by t h e  d iminish ing  of t h e  X dimension, Z=ZO exp(-kact) where Z O = l .  The 
amount of t h e  component i n  t h e  char  i s  then (l-Xo+X)YiZ. 
obtained by i n t e g r a t i o n .  F u r t h e r  competi t ive processes  such a s  t h e  product ion of 
o l e f i n s  p l u s  H2 from p a r a f f i n s  and t h e  product ion  of s o o t  and H2 from a l i p h a t i c s  
were incorporated i n  a l i k e  manner. 

The evolved amounts may be 

The r e s u l t s  are t h e  l i n e s  shown i n  F ig .  5 .  The k i n e t i c  c o n s t a n t s  a r e  t h e  same 
as those used i n  Ref .  2 w i t h  t h e  except ion of :  
k a l  = 750 exp(-8000/T) and t h e  a d d i t i o n  o f :  
k o l  = 2.0 x 107exp(-20000/T), ksOot = 9.5 x 1010 exp(-35000/T). 
reasonable  agreement wi th  experiment f o r  most spec ies .  
The decrease  i n  H20 a t  h igh  tempera tures  has  not  been modeled. 
a steam c h a r  r e a c t i o n  t o  form CO and H2. 
t h e  agreement f o r  CO and H2 a s  w e l l .  

kHZ0 = 45 exp(-4950/T), 
kac = 1 . 9  x 101o exp(-35000/T), 

The model i s  i n  
Exceptions a r e  H20 and H2. 

I n c l u s i o n  of t h i s  r e a c t i o n  would improve 
The e f f e c t  could be 

CON CLU S IONS 

1. Using a hea ted  g r i d  appara tus  wi th  on-l ine gas  a n a l y s i s  by FTIR, d a t a  has  
been obtained f o r  a l a r g e  number of p y r o l y s i s  products  from a l i g n i t e  and a bituminous 
c o a l  a t  tempera tures  up t o  145OOC. 

and bituminous c o a l  vary  i n  magnitude b u t  are o therwise  q u i t e  similar. 

model which u s e s  t h e  same k i n e t i c  r a t e s  f o r  a l l  c o a l s .  Modi f ica t ions  of t h e  model 
w e r e  made t o  i n c l u d e  t h e  h igh  temperature  e v o l u t i o n  of H2 and unsa tura ted  compounds 
( o l e f i n s ,  a c e t y l e n e ,  and s o o t )  from t h e  a l i p h a t i c  material i n  t h e  coa l .  

t i o n  of t h e  coa l .  
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